Background: Suspended particles and ozone have been associated with varying degrees of cardiac autonomic dysfunction Methods: In Mexico City, residents from a nursing home underwent heart rate variability analysis every other day for 3 months. Indoor and outdoor PM 2.5 (particulate matter less than 2.5 mm in diameter) were measured daily at the nursing home. Levels of ozone and other atmospheric pollutants were obtained from a nearby automated monitoring station. Results: Of the initial 42 screened participants, 34 (81%) were followed during the study period. The 24-hour average levels of indoor PM 2.5 ranged from 15 to 67 g/m 3 , and outdoor PM 2.5 ranged from 9 to 87 g/m 3 . Daily 1-hour maximum ozone levels ranged from 47 to 228 ppb. After adjusting for age and heart rate, we observed a strong decrease in the high frequency component of heart rate variability and the average 24-hour concentrations of PM 2.5 . Participants with hypertension had considerably larger reductions in their HF-HRV (high frequency-heart rate variability) component in relation to both ozone and PM 2.5 exposure. Conclusions: Our results suggest that ambient levels of PM 2.5 and ozone can reduce the high-frequency component of heart rate variability in elderly subjects living in Mexico City and that subjects with underlying hypertension are particularly susceptible to this effect.
A n association of increased cardiopulmonary morbidity and mortality with particulate matter (PM) pollution has been shown in epidemiologic studies from various countries. 1 Suspended particle exposure is also associated with increased rates of hospital admissions and emergency room visits for respiratory and cardiovascular causes. [2] [3] [4] However, the mechanisms responsible for the increased cardiovascular morbidity and mortality are poorly understood. Environmental exposure to suspended particles has been associated with an increase in mean heart rate and cardiac rhythm abnormalities independent of oxygenation levels in both animals and humans. 5, 6 The link between particulate matter pollution and cardiac conduction abnormalities has led to research focusing on changes in autonomic cardiac regulation assessed by heart rate variability. [7] [8] [9] 13 Recent studies suggest that PM levels are associated with a reduced heart rate variability, which in turn is known as an independent risk factor for cardiovascular mortality. [10] [11] [12] However, these studies were conducted with a small number of participants over a limited period of time, and the effects of PM 2.5 (particulate matter less than 2.5 m in diameter) and other specific pollutants on heart rate variability was either not reported 7, 9, 14 or reported only partially. 8 In the Mexico City metropolitan area air pollutant levels (in particular, fine particulates and ozone) frequently exceed the Environmental Protection Agency standards. 15 Therefore, to explore the autonomic cardiac response in relation to air pollutant exposure, we conducted a longitudinal study among elderly residents of a nursing home located in the northeast of the metropolitan area, an area frequently exposed to high levels of suspended particles and ozone. 16 
METHODS

Study Population
The population under study consisted of volunteers who were the permanent residents of a nursing home in the northeast area of the metropolitan area. We followed participants over a period of 3 months, from February 8 to April 30, 2000, obtaining daily local measures of fine particulate matter (PM 2.5 ) and studies every alternate day of heart rate variability. We excluded current smokers, participants with pacemakers or underlying cardiac arrhythmias, and persons who were unable to sign a consent form or attend the study site located within the nursing home. The ethics committee of the Mexican National Institute of Public Health approved this protocol.
Exposure Assessment
Daily 24-hour measurements of PM 2.5 were determined by gravimetric analysis using Mini-Vol portable air samplers (version 4.2, Eugene, OR) with 47-mm Teflon filters (Pall Gelman, Vancouver, WA) and flows set at 4 L/min. Outdoor monitors were located on the roof of the nursing home, approximately 150 feet from the entrance and the closest road. Indoor monitors were placed in common living areas. We performed gravimetric analysis of Teflon filters at the air laboratory of the National Center for Environmental Research and Training (CENICA) in Mexico City.
Ambient levels of O 3 (ozone), nitrogen dioxide (NO 2 ), sulfur dioxide (SO 2 ), and carbon monoxide (CO), as well as climatic variables, were obtained from an automated monitoring station (Tacuba) located 3 km (NE) upwind from the study site. All pollutant levels were measured by Thermoelectron devices (Franklin, MA) We determined NO 2 by chemiluminescence (Thermoelectron 42 MCA), SO 2 by an ultraviolet fluorescent analyzer (Thermoelectron 42 MCA), ozone by ultraviolet photometry (Thermoelectron 49 MCA), and ambient CO levels by infrared light absorption (Thermoelectron 48 MCA). Filter gravimetric analysis was performed under controlled climatic conditions at a room temperature of 22°C (Ϯ°) with a relative humidity of 40% (Ϯ5%); each filter was exposed for 24 hours before gravimetric analysis. Filter weights were obtained by a micrometric scale (Cahn C; Thermo Cahn, Madison, WI) under laminal flow.
Heart Rate Variability Analysis
Participants were scheduled to have a heart rate variability analysis every other day between 8:00 AM and 1:00 PM using an LPPac Q, Predictor 3.0 (Arrhythmia Research Technology, Houston, TX), which meets standards of the European Society of Cardiology and the North American Society of Pacing and Electrophysiology. 17, 18 Before measuring heart rate variability, we had participants rest in a supine position for 5 minutes. Each recording lasted 5 minutes while the participants continued in the supine position. We identified a QRS template by an automated algorithm that identifies the waveform most representative of the patient's dominant rhythm. This template was compared with subse-quent R waves using a correlation coefficient of 0.75 as previously described in the study by Liao et al. 7 We discarded any test having more than 15% of abnormal QRS processes. A total of 132 heart rate variability studies (12.8%) were excluded through the editing process. All patients had at least 1 study excluded with an average of 3. 
Other Variables
All participants answered a questionnaire, which included demographic information, smoking habits, and a daily diary to record their hourly activities. We extracted the medical history, diagnosis of hypertension, and medication use from the participants' medical files.
Statistical Analysis
To analyze the effects of PM 2.5 and other pollutants on the population average HRV, we transformed the response variables HRV-HF and HRV-LF (msec 2 ) using a log10. We calculated estimates of total PM 2.5 exposure based on the time activity patterns and PM 2.5 microenvironmental concentrations (indoors and outdoors). Our index of personal exposure to PM 2.5 was calculated using the following formula: (PM 2.5 indoors ϫ hours spent indoors/24) ϩ (PM 2.5 outdoors ϫ hours spent outdoors/24).
We initially studied the association of PM 2.5 and ozone with HRV-HF, HRV-LF, and HRV-LF/HF ratio using generalized estimating equations. These models are specially developed to account for autocorrelation and allow for the use of both fixed and time-dependent covariates. 20 We adjusted models for potential confounding factors, including participants' age and the average heart rate during each HRV measurement. Hypertension, sex, minimum temperature, and relative humidity did not confound the association between HRV and PM 2.5 and were not included in the regression models. Given the fact that patients with hypertension are more likely to have deregulation of the autonomic nervous system and reduced heart rate variability, 21 we stratified our analyses separately for subjects with and without hypertension. All analyses were conducted using air pollutant concentrations on the same day and with a 1-day lag for PM 2.5 , ozone, as well as SO 2 , NO 2 , and CO ambient concentrations; multipollutant models, including PM 2.5 and ozone, were also examined. All statistical analyses were conducted using Stata 6.0 (College Station, TX).
RESULTS
Study Population
Of the initial 42 screened participants, 34 (81%) were followed up during the study period. The mean age was 79 years, and 44% were men. Thirteen participants had a diagnosis of hypertension (38%) and 6 had diabetes mellitus, other diagnoses included 4 patients with chronic bronchitis, 4 patients with Parkinson's disease and 1 each with transient ischemic attacks, hypertension and ischemic cardiomyopathy. Participants spent 86% of the time indoors during the study period as determined by the results of an activity questionnaire completed daily. The mean number of hours spent indoors for the whole group was 21 hours (range: 12-24) and hours spent outdoors were 0.6 hours (0-6) while at the nursing home. The rate of reexamination was high, with a mean of 18 studies per participant and a total of 595 monitoring sessions. Subjects with a medical diagnosis of hypertension were more likely to be women and to spend more time indoors. The mean heart rate variability indices, averaged over the 3-month follow up, were higher for subjects without hypertension than for those with hypertension ( Table 1) .
Exposure Data
Results from the air pollutants measured during the study are shown in Table 2 . The 24-hour NAAQS (National Ambient Air Quality Standards) for PM 2.5 were exceeded on 6 days, and the average indoor and outdoor levels where higher than previously reported in similar heart rate variability studies. [7] [8] [9] Levels of ozone were also high during the study period, with more than 75% of days being above the NAAQS for the ozone 1-hour maximum. There was a moderate correlation (r ϭ 0.52) between PM 2.5 indoors and PM 2.5 outdoors, and the correlations of PM 2.5 estimates of total exposure with PM 2.5 indoors and PM 2.5 outdoors were r ϭ 0.92 and r ϭ 0.55, respectively. The correlation of the ozone one-hour maximum with PM 2.5 indoors, PM 2.5 outdoors, and PM 2.5 total exposure were r ϭ 0.27, r ϭ 0.47 and r ϭ 0.18, respectively.
Measurements of Heart Rate Variability
The observed associations between the daily variation of PM 2.5 total exposure and the HRV indices are presented in Table 3 . After adjusting for age, heart rate, and hypertension, we observed an inverse relation between the high-frequency component of heart rate variability and total PM 2.5 . A 10g/m 3 increase in PM 2.5 was associated with a 5.0% change in HRV-HF. The exposure to indoor levels of PM 2.5 was associated with a substantial reduction in the HRV-HF component (␤ ϭ Ϫ0.049; confidence interval ϭ Ϫ0.090 -0.007 for a 10-g/m 3 increase in PM 2.5 ) and exposure to outdoor PM 2.5 was associated with a more modest reduction in high frequency (␤ ϭ Ϫ0.023; Ϫ0.058-0.010 for a 10-g/m 3 increase in PM 2.5 ). When restricting the analysis to participants who had a diagnosis of hypertension, a larger reduction in the HRV-HF component was observed, corresponding to a 7.1% change in HRV-HF for a 10-g/m 3 increase in PM 2.5 . We used associations with other metric parameters of heart rate variability to assess the impact of air pollutants on cardiac autonomic dysfunction; low frequency (HRV-LF) showed a moderate inverse association with PM 2.5 , whereas the LH/FH ratio showed a modest positive association with levels of PM 2.5 . In addition, changes in heart rate variability were strongly related to ambient ozone concentrations among subjects with hypertension for HRV-HF and HRV-LF (Table 4 ), corresponding to a 2.0% change in heart rate variability per 10 ppb increase in ozone 1-hour maximum. Control for diabetes did not change the observed associations. Of our patients with hypertension, 8 were taking angiotensin-converting enzyme inhibitors, 2 were taking beta-blockers, 4 were taking a calcium channel blocker, and 2 were taking a thiazide diuretic. Because of the small number of participants, we were unable to stratify the effect of PM 2.5 on HRV by each group of antihypertensive medications. Other pollutants (NO 2 , CO, and SO 2 ) were not related to heart rate variability ( Table 5 ). All of these results are for air pollution parameter on the same day as the heart rate variability assessments; results were similar when we used 1-day time-lag exposure for the pollutants.
In multipollutant models, including both PM 2.5 and ozone, the magnitude of the relation of PM 2.5 with the HRV-HF component decreased slightly (Table 6) , corresponding to the following percent changes: 5.0% in our total sample, 4.0% among participants without hypertension, and 6.4% among participants with hypertension for a 10-g/m 3 increase in PM 2.5 . Ozone was no longer associated with HRV-HF (Table 6 ). HRV-HF, high-frequency heart rate variability, Log 10 high-frequency power/100,000 (msec 2 ) HRV-LF: low-frequency heart rate variability, Log 10 low-frequency power/100,000 (msec 2 ). 
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DISCUSSION
This is one of the largest studies to date on the effects of PM 2.5 and ozone on heart rate variability, and it is the first of its kind in Mexico. Our results suggest that exposure to ambient air concentrations of PM 2.5 and ozone is associated with autonomic cardiac dysfunction in the elderly, characterized by a reduction in the high frequency or vagal component of heart rate variability. Furthermore, in our study, participants with a diagnosis of hypertension appeared to be more susceptible with larger reductions in the HRV-HF associated with PM 2.5 exposure. Although individuals diagnosed with hypertension are known to have lower heart rate variability, 21 an increased susceptibility to particulate air pollution in this group of patients has not been previously described. In our study, exposure to ambient levels of ozone was also associated with reductions in the HRV-HF component, although this effect was not as strong in the multipollutant models that adjusted for PM 2.5 .
Numerous mechanistic hypotheses have been proposed to explain how exposure to ambient levels of PM 2.5 might produce changes in the autonomic cardiac regulation. Translocation of inhaled ultrafine particles into the systemic circulation, 22 the activation of pulmonary irritant receptors that mediate the stimulation of parasympathetic pathways, 23 an increase in plasma viscosity, 24 and the elevation of inflammatory mediators 25 are some of the potential biologic explanations. It is possible that the stimulation of irritant receptors from ozone-induced airway inflammation and oxidation 23 can either independently lead to changes in heart rate variability or potentiate the effect of inhaled particulates. In general, it is conjectured that interactions among inflammation, abnormal hemostatic function, and altered cardiac rhythm might play 26 Several limitations have to be considered in interpreting our results. We used only short-term heart rate variability recordings (5 min), which could have hindered the possibility of performing an adequate assessment of lower frequencies.
However, there is a high correlation between short recordings of HRV-HF using spectral analysis and using longer timedomain analysis. 27 Because we obtained short-term study results that were performed during the morning, we were unable to account for any changes related to circadian variation in heart rate variability parameters. Maneuvers to elicit vagal responses, such as metronomic breathing, were not performed, but controlling respiratory rate does not seem to confound the association between PM 2.5 and changes in heart rate variability. 8 The same trained technician performed the entire heart rate variability recording, thus reducing intertest variability. PM 2.5 exposure was limited to 384 observations from 34 subjects who had complete time activity data; these coefficients were not substantially different from coefficients calculated from the 595 heart rate variability monitoring sessions using PM 2.5 indoor exposure.
Restricting analysis to outdoor PM 2.5 was associated with a modest reduction in the HRV-HF component, suggesting that some indoor sources might play a role. We were unable to identify significant indoor exposure sources and the nursing home was a smoke-free environment. However, idling diesel buses were parked for a few hours close to the nursing home indoor living areas at least 3 times a week. We speculate that such emissions could have contributed to the larger effects seen in association with indoor PM 2.5 .
Information about ozone concentration and other pollutants was available through a nearby automated monitoring station, which was situated 3 km upwind from the study site, allowing a reasonable estimation of the nursing home ozone air pollution. Measurements for NO 2 and CO are more susceptible to local sources of emission and traffic flow, and therefore might not be representative of the nursing home environment. Our results are from a single nursing home located in the northeast metropolitan area and might not be applicable to a more general population; still our findings are consistent with a similar study of elderly nursing home residents. 7 A reduction in heart rate variability has been positively correlated with increased rates of cardiovascular morbidity and mortality in both the high-risk and the general population. 11, 12 However, further studies are needed to determine whether the daily fluctuations in autonomic cardiac balance associated with exposure to ambient particulate matter and ozone will provide meaningful clinical and epidemiologic data. Results from this study complement previous reports by identifying subjects with hypertension as a population potentially at risk of experiencing the adverse cardio-vascular health effects associated with ambient ozone and particulate air pollution.
